Fundamentals of Combustion for Propulsion
Prof. S Varunkumar
Department of Mechanical Engineering
Indian Institute of Technology, Madras

Lecture - 06
Demonstration of NASA-CEA

(Refer Slide Time 00:16)

Welcome back. We starting a little early than I mentioned. So, what I thought was I used the
droplet a picture from the droplet combustion video to bring out the idea of equilibrium versus
rate controlled processes and combustion, maybe I will start I thought I will start by showing

you a video of droplet combustion.
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This is an important process that occurs in burners,
reciprocating engines and gas turbines. It is captured by
burning droplets on a quartz fiber at normal gravity.
You will see the following fuel droplets being burnt.
1. Ethanol 2. Gasoline 3. Kerosene 4. Diesel

Ignition: Electric spark

Red dot shows the path of equivalent droplet diameter
with time

This is the video from which the picture was taken.
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There is also audio, good. I think you can clearly see the flame in this case and along with the

droplet.
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Gasoline
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At slower speed
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Kerosene
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At slower speed
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At slower speed
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Composite picture of fuel droplet
combustion

Note the transparency of ethanol flame compared to others




(Refer Slide Time 02:07)




(Refer Slide Time 02:10)

prroeny,,
%,

AP
X

At slower speed




(Refer Slide Time 02:12)

This so I think this is a good picture to show, at just a couple of things I want you to notice
this is the droplet and the flame and the ignitor. And what is shown on the side plot is on the x
axis there is time, and on the y-axis there is a diameter squared, the diameter sort of measured

from the video processing of image processing of the video.

What [ want to emphasize is that the by the droplet time is dependent on the square of the
diameter, so that is a D-squared law as it is called. This is one example of a combustion

process where chemistry has no role.

So, the time goes is diameter squared it simply depends on the transport processes occurring
at the surface of the droplet, and the heat flux that the surface receives is dependent on the
location of the flame which again is controlled by mixing and not by reaction rates ok. Of

course, there are lot of other complex things that happen for example, sometimes the droplet



boils and then show some enatic movement and that is what you see a fluctuations in d

squared, but the overall linearity of d squared versus t is followed.

The other thing I want to emphasize is that some flames or only ethanol flame is non-luminous
and it does not have an yellow color ok. All the other fuels have a luminous flame and
yellowish flame like a candle flame. And all these are kerosene, gasoline and diesel are
mixtures of hydrocarbons with carbon number of at least 6 or 7 ok. So, these kind of and

ethanol of course is a pure substance and has only a two carbon atoms ok.

So, these other fuels have a tendency to coke or farm suit that is one more thing I wanted to
emphasis. And therefore, the kind of modeling approach that is required is dependent on what
phenomena you are interested in capturing. If you want to get this you know explain only the
d square versus t and get an estimate of the slope of the line, and there is a certain kind of

approach that will work.

But if you are interested in kerosene droplets being injected into a complex rocket combustion
environment where you are interested in understanding whether that system you go in to
instability or not, you require a certain kind of approach. Or if you are interested in emissions
from let us say a reciprocating engine using one of these fuels, then you need a then you have
no option, but to actually include some level of description of chemistry in your calculations to

predict emissions ok, because the emission formation is a kinetically controlled process ok.

So, p so a hierarchy of approach is what is suggested when taking a modeling approach to
understanding systems. I just thought I will show this example and because we discussed this

in the morning.
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With that I would like to move on to the demonstration of NASA CEA. CEA stands for
Chemical Equilibrium and Analysis. I am sure participants from ISRO and DRDO are quite
familiar with this tool, and they must be using it on a daily basis. But for the benefit of the

others I thought we will look at a few example cases ok.
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So, this is the when you open the software, this is the first page that you see there are different
problems that are listed here, different types of problems that are listed here. You can calculate
equilibrium states under a variety of constraints. So, you can calculate equilibrium states that
the temperature and pressure fixed that is the first option. The second one is with the enthalpy

and pressure fixed that is the h and p problem.

And the third one is the temperature and the volume fixed, the fourth one is internal energy
and volume fixed ok. We saw in the morning that the first law of thermodynamics applied to
applied to a mixture of fuel and oxidizer at a certain initial temperature and pressure when you
are interested in calculating adiabatic flame temperature falls either in one of these two

categories, it could be a constant pressure or constant volume.



For example, if you are analyzing a rocket combustion chamber, you will assume that the cons
the pressure is constant and if you are analyzing spark ignited internal combustion engine, then
you will assume that the combustion is happening under constant volume conditions. And
under constant pressure and adiabatic conditions the first law says that the enthalpy should be

fixed.

We saw in the morning that the enthalpy of the reactants must be equal to enthalpy of the
products. And under constants volume conditions, it will become volume is fixed and the
internal energy is fixed ok. The this is the constraint that comes from the first law. The second
law constraint is that the in the h p problem. In the h p problem in the h p problem that the
Gibbs free energy must be minimized, and then the u v problem the (Refer Time: 08:21) free

energy must be minimized.

So, the h p constraint comes from the first law; the other constraint comes from the
combination of first law and second law. In fact, the software calculates the equilibrium states
by minimizing the Gibbs free energy function using Lagrange multipliers ok. Instead of setting
I think I will set up a problem let us look at the example case that we discussed in the

morning.
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Determining the adiabatic flame temperature of let us say methane and air mixtures at different
stoichiometric values at [noise let us say three different pressures 1 bar, 5 bar and 10 bar ok.
So, I am assigning three different pressures, calculation will be done at three pressure values 1
bar, 5 bar and 10 bar ok. So, this is what you first you pick which problem you want to solve,

then you fix the pressure because you have to specify a pressure.
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Then we move on to the second tab where you can specify the reactants.
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Well, there is already hydrogen and air, but let us try methane CH 4 of course, you will have
different version CH 4 naturally occurring from gaseous, but there is also liquid methane

which somebody may want to use for a rocket calculation for example, ok.

Well, let us you have two options either to specify the relative number of moles right here ok,
but we will not do that we will just specify the initial temperature 300 Kelvin’s and 300
Kelvin’s ok. The stoichiometric can be specified separately here either as a equivalence ratio
or oxidation to fuel weight ratio or percentage fuel all are equivalent, but only that the
numbers must be consistent. So, let us try a equivalence ratio in terms of phi I will pick one

value for lean, stoichiometry and rich ok.

I will do a quick recap. We first pick the problem we have pick the enthalpy pressure problem.

You can assume let us say we are interested in determining adiabatic flame temperature for a



combustion device, it is going to operate at constant pressure with let us say atmospheric
pressure with methane and air as fuel. Let us say the open flame that we discussed in the

morning.

(Refer Slide Time: 10:56)

Then we assign pressure values 1, 5, and 10 bar. Just to look at the effect of pressure.
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And then we pick the reactants, the fuel is methane the oxidizer is air both are at 300 Kelvin’s
of course, I can I have specified I can specify the relative amounts here, so that the certain

stoichiometry is maintained, but I can also specify the values here which is what I have done.

Let us run the calculation and see what we get ok.
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So, these are the results. The fuel is a methane oxidant is air. For a phi of a points the for a phi

of 1.2 which is fuel rich, the oxidizer to fuel ratio is 14.36 which I think is a you do not know

how this can be made bigger than this.

Student: (Refer Time: 11:56).
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All right, thank you.
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Sorry, I think I am, nice.

Student: (Refer Time: 12:13).

Good enough, (Refer Time: 12:16) little further also I guess ok.
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F: CH4 1.000000 -0.896432E+04  300.C0 0.0000
C 1.00000 H 4.00000
0: Air 1.000000 -0.862210E+01  300.00 0.0000
N 1.56168 0O 0.41959 AR 0.00937 C 0.00032
p SPECIES BEING CONSIDERED IN THIS SYSTEM
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é LAST thermo.inp UPDATZ:  9/09/04
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It is much better.
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problem phi,eq.ratio=0.8,1,1.2,
hp p,bar=1,5,10, t,k=3800

react

fuel=CH4 moles=1. t,k=300

oxic=Air moles=1, t,k=300
only

Ar C CO CO2 H E2 H20 HNO HO2 HND2 HNO3 N NH NO N2 N203 0 02
output

0B 0

So, the fuel is, so we are specified the three equivalence ratios 0.8, 1 and 1.2, three pressure
values 1, 5 and 10 bar do not worry about the temperature that is only a estimate of the

temperature that is provided for an initial guess.
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oxid=Air moles=1. t,k=300
é only
Ar C CO CO2 H E2 H20 HNO HO2 HNO2 HNO3 N NH NO N2 N203 0 02
output
calories
end
v e 2
b OPTIONS: TP=F HP=T SP=F TV=F UV=F SV=F DETN=F SHOCK=F
z RKT=F FROZ=F EQL=F IONS=F SIUNIT=F [EBUGF=F SHKDBG=F [

T,K = 3800.0000

The reactants are methane and the oxidizer is air, these are the species that are considered in
the equilibrium calculation. I have not gone into the details actually you need to now pick a set
of reactions which are linearly independent, and then make and linearly independent, so that all
the species that you have identified can be mole fraction of all those spices can be calculated,
then you apply the constraint of enthalpy being constant term ok, and minimize the Gibbs free

energy after that.
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Let us go to the results now. This is the case with the phi equals point h phi equals 1 we saw
that the air to fuel ratio must be 17.16 in the example that I showed you in the morning. So,
this seems consistent this is 21.4 because it is lean ok. And the calculation has run for three
values of pressure, I gave 1 bar, 5 bar and 10 bar the now I will do that. Calculation has this is

might easy to navigate 1 second ok.
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So, is it now? So these numbers are expressed in atmospheres, therefore it is a factor of 1.0,
and 3 to 5 smaller than numbers and bar ok. So, that is why it is this number that is slightly

lower than 1, slightly lower than 4 and so on.

So, let us look at the temperature values at 1 atmosphere the temperature at an equivalence
ratio of 0.8 is about 1997 Kelvin’s this is something that I mentioned as the pressure increases
at the same equivalence ratio the same temperature increases a little bit because the extent of
decomposition is lower, but the effect is not so significant once you go to very high values of

pressure.
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So, I go from 1 bar to 5 bar, there is some change and then the change the delta keeps going
down as you go to higher and higher pressures. This is one thing. There is also the molecular
weight of the combustion products that are available which we will see will be useful for

calculating or which is required for calculating the characteristic velocity in a rocket

environment.
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This is the product composition or the mole fractions of the product composition. Well, the
point that I made that the dissociation of CO 2 is decreases with increase in pressure. So, you
have more CO 2 at higher pressures, and far less CO at higher pressures at 10 bar compared to
1 bar. Similarly, for H also which anyway was very small at 1 bar, but it seems to be absent

there is no H radical that is there at higher pressures ok.

So, dissociation is limited. Well, there is also some NO, but remember that these are
equilibrium NO values N Knox formation reactions are generally slow. So, this is how much
Knox you will have if you allow for very long time ok, but in the real system it is important to
actually you know take into account the residence time for Knox formation because the
reactions are not as fast as the oxidation reactions. So, these are probably the up can be

considered as the upper limit of the Knox that will form in these systems.
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EFF EFFECTIVE OXIDANT MIXTURE

= ENTHALPY hO/R

(KG-MOL) (K) /KC =0.55878696E+03 -0.30919083E+02

And let us see this is the phi equals 1, phi equals 1 the O by F must be around 17.2 which is

the case here.
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When I calculated, I did not take into account the traces of carbon dioxide and argon present
in the air that is why I got 17.16, here those things are taken care of so that is why with 17.23,

it is a small difference.
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So, we expect that a phi equals 1 that the flame temperatures are higher than at phi equals 0.8,
and which is the case we have gone from 1997 Kelvin’s to about 2200, and as expected the

temperature of the flame temperature also increases with increase in pressure ok.
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There are there is some Knox, there is also some oxygen. I just want to look at the rich

condition and of course, the temperatures will be smaller as we expect.
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Let us just look at the Knox value at rich conditions the temperatures are lower as expected,

let me not spend too much time on that.
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The Knox the NO is much much less than what it was at point h ok. So, there is no oxygen
available, see the reactions are slow I mean even when you allow it to equilibrate there is not
much oxygen that is available for Knox to form because the conditions are already fuel rich I

think that is probably the only take away from this calculation.

What, well there is there are variety of things that you can do we can do a rocket calculation
and get the c¢ star values, the molecular weight and you can even simulate quasi
one-dimensional isentropic flow through a nozzle to you know estimate for a given area ratio
you can estimate various things, assuming frozen equilibrium and frozen conditions or

equilibrium conditions which I will mention we will discuss briefly tomorrow.

But what I would like to go from I can do many more examples, but probably it is going to be

a little bit monotonous, but what I would suggest is that if you can give me some cases which



you want to be analyst, we can look at that. For example, some fuel oxidizer combinations
from liquid rockets or solid rockets there are some combinations that you want to look at or

have some specific questions we can discuss that.

Student: (Refer Time: 19:15).

You want to do a rocket calc ok, why not?

Student: Tomorrow, we have do.

No, let us do, it is.

(Refer Slide Time: 19:29)




Student: Evaporation is around 65 bar.

Just.

Student: (Refer Time: 19:41).

Student: (Refer Time: 19:42).

Please correct me if I am putting the numbers in the wrong place.

Student: (Refer Time: 19:53) so we put one more it.

Yeah.

Student: (Refer Time: 19:56).

So, I should delete this right.

Student: Or we can put one only 0.

All right, ok, fine. Let us see what it means and.

Student: One more thing was there estimated temperature that I (Refer Time: 20:16).

See that is only in initial guess that the code starts with.

Student: It starts hydrating.



It starts hydrating from that number you can giving closer number will make the iteration

process faster that is it, there is no significant advantage beyond that.

(Refer Slide Time: 20:33)
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Student: So, will I have liquid hydrogen (Refer Time: 20:36).

What is it one.

Student: (Refer Time: 20:45)

100 Kelvin’s?

Student: (Refer Time: 20:47).



No, liquid hydrogen.

Student: Liquid hydrogen (Refer Time: 20:54).

No, we are interested in the thrust chamber or what happens later in the thrust chamber.

Student: At the ending of and (Refer Time: 21:03).

Student: At the ending of nozzle (Refer Time: 21:04).

No, the reactant condition at the inlet to the rocket thrust chamber would be gaseous

hydrogen.

Student: (Refer Time: 21:17).

Yeah.

Student: The liquid temperature to that.

So, mstead.

Student: (Refer Time: 21:22).

Instead you want to.

Student: Yes, yes.

Simulate the real condition.



Student: (Refer Time: 21:25).

The at the entry to the thrust chamber it will be in gaseous form the temperature that is less

than a 100 Kelvin’s.

Student: It is ok, but (Refer Time: 21:32).

Student: (Refer Time: 21:34) inlet to the thrust chamber.

Inlet to the thrust chamber is after the cooling.

Student: (Refer Time: 21:41).

That is the point I am trying to make.

Student: Yes (Refer Time: 21:43).

It goes the fuel cooling region rate of cooling happens and then it enters the thrust chamber.

So, shall I make it gaseous hydrogen at 100 Kelvin’s is the point that I am making.

Student: (Refer Time: 21:53).
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And liquid oxygen, happen to remember the temperature sorry.

Student: 90 or 80 Kelvin’s.

80 Kelvin’s.

Student: 80 or 90.

Student: (Refer Time: 22:15) 80 Kelvin’s.

80 Kelvin’s is fine ok, and mixture ratio.



Student: (Refer Time: 22:19) 5 point 5.7 or something 5.7.

Student: 2 3.

Student: 81 to 4.8, 5 point.

Student: 5 point.

Student: 5.6.

And right let me see oxidizer to fuel weight ratio will be same as mixture ratio I guess give me

some numbers.

Student: 5.7, 5.7.

This is the optimal this is the nominal.

Student: This is the operating minimum work.

You want something less and something more let us say 4.5 and.

Student: (Refer Time: 22:48).

7, 6 point.

Student: 6.2.

6.2 ok. Let me see if it runs. It is unhappy with the data sets.
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Student: (Refer Time: 23:06).

For logs for | h to the temperature range is a little limited I will give a little higher temperature.

Student: We will give 168, 61, 61, and we will give 161.
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All right. Let us see is 80 is also.

Student: May be that gives 90.

Student: 90.

90.17.

Student: 98, 90 90.

Yeah, ok.
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You want me to print it or you want to look at or add some more conditions, what do you

want to look at?
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R THROAT

Student: Temperature whatever thrust chamber that is we are getting and also the composition

species.

Student: (Refer Time: 24:15).

All right. This is for 5.7 that the number is visible for you actually I should not be looking in

the other direction. Starts from 64 I am guessing that I have given the A by 80 correctly. So, it
starts at 64 at throw it at 36. Well this is for the (Refer Time: 24:42) 80fl, there is no

expansion. I think we should look at this case that is the exit temperature exit pressure is 0.86,

ideal, this is the optimal expansion case I am guessing. So, the temperature is 3475 Kelvin’s.
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C star is it is in I did not change the units it is in feets per second, 7700. So, 5.7, the ¢ star is
7700 which condition is this. This is also 5.7 ok, ok. I think one is frozen; the other is

equilibrium probably.
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This is 4.5, your temperatures have gone down it is 3200, the ¢ star would have also gone

down.
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Of course that is the ¢ star comes downstream. Now, let me ask a different question you have

let us say you have got a temperature from here you have got a c star from here.
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Let us say you wanted to further calculations how do you decide that this number is a good
approximation to work with as in this is an equilibrium calculation, and you want to use it for
further calculation. The question that I would like to post and discuss is how do we decide
that the reactants would have reacted and reached a state that is sufficiently close to

equilibrium before the expansion through the nozzle starts that is an important question to ask

and discuss.
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How much time do you think it requires for hydrogen oxygen system to reach equilibrium and

how much time is available in an actual rocket engine?

Student: So, may be have a maybe 4 times (Refer Time: 26:39) 4 to 6 times.
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And how do you get an estimate for the time?

Student: For the reaction time?

1.2142
1637.7
1.000

1,0000
7879.2
0,6819
304.5
167.0

*H2

10,000
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What is the typical reaction time for hydrogen?

Student: Oxygen time.

Oxygen, yes, no, unless we know that we cannot decide whether there is sufficient time. Of
course, the time that is available for the reactants inside the combustion chamber can be

calculated from the in approximate velocity which is the reactance move.

Student: They enter inside.

Enter inside and move through the combustion chamber, and length divided by that velocity

will give us a good estimate of the time that the reactants.



Student: Spend inside the combustion chamber.

Spend inside the combustion chamber. And the way the injectors are arranged it will also be a
reasonable approximate assumption to make that reactants are sufficiently mixed at a certain
distance downstream which we can subtract from the length of the combustion chamber. So,
from that starting from that point onwards, where the reaction between hydrogen and oxygen
starts where it is injected in a coaxial fashion and it reaches the nozzle how can may be sure

that it has reached equilibrium. So, is my question clear?

Student: Yeah.

For and this is routinely used for calculation and that is the reason why I want to discuss this

yeah. Let us start by getting a simple estimate for the time that is available in a rocket engine.

Student: Hope we have a (Refer Time: 28:08).

Ok.

Student: And the mixing time mixing them (Refer Time: 28:14) of may combustion is getting

it is may be some 90 percent of 1 let us start.

90 percent of 1, what is?

Student: (Refer Time: 28:22).

Let us take; let us take the specific engine.

Student: Yes.

What is the length?



Student: If we take our one of the engine there is some 500 to 600 mm.

Let us say 500 mm ok.

Student: Then the mixing range will be approximately from 40 to 60y second 40 to 60.

Fine, may be take it as a 500 millimeters.

Student: Yes.

The number that is easy to work with.

Student: 500 mm.

Half a meter yes.

Student: After that we will have a mixing zone there the sorry automation mixing zone.

Correct.

Student: Then they are coming to the reaction zone.

Yeah.

Student: There we will consider almost like whatever we are discussing like where very

mfinite reaction rate.

Very fast reactions have happened.



Student: Very fast reactions happened.

So, the.

Student: Then coming to the equilibrium establishment from that we will have really 1.5 times

normal for attaining the equilibrium.

What is 1.5 times the margin? I am trying to estimate a time.

Student: Suppose if we.

Yeah.

Student: Has the If I entire combustion reaction is taking into some 250 mm.

Right.

Student: That 250 mm enter (Refer Time: 29:17).

So, the length available for the reaction you would say is 250 millimeters.

Student: Yes.

And what do you think is a good estimate for the velocity in that region, the actual velocity in

that region.

Student: Axial velocity in that is 0.

Now, you will take 0.



Student: Yes.

That is fine.

Student: That is.

Then because you want to assume that there is large time available for the reactions time.

Student: Yes.

In happening in reality how much would be the velocity?

Student: It depends on the temperature that we are really getting it.

Yeah.

Student: And from that using kinetic energy we will calculate what is the molecular, pre

molecular velocity? You do not need the pre molecular velocity.

Student: (Refer Time: 29:51)

What I am what we need is simply the mass flux.

Student: Yes.

At a given section divided by the cross section area.

Student: cross section area divided by the density.



Divided by the density. So, that you would say is 100 meters per second, 200 meters per

second or how much is it hm.

Student: (Refer Time: 30:08).

Is 100 meters per second a good value?

Student: (Refer Time: 30:13).

Student: Ha.

Fine. So, we have.

Student: T to 100 meters yes.

So, 0.25 meters is the distance that is available and a 100 meters per second is the velocity.

Student: Velocity.

So, 0.25 divided by 100 is the time that is available.

Student: Yes.

And that is.

Student: Sir point 2.5.

2.5 milliseconds correct. So, it is 2.5 milliseconds sufficient for a mixture of hydrogen oxygen.



Student: To reach equilibrium.

To reach equilibrium, yes, why?

Student: Because (Refer Time: 30:40) for these conditions is varying.

Ok.

Student: Your pressurizing the system chamber at 60 bar or something 60 bar.

60 bar ok.

Student: And for the for the log systems a at the 1 atmospheric pressure 1 itself lamina flame

is speed is 3.

Ok.

Student: If you go to up to that high pressures it will reactivity goes by square of pressure.

Ok.

Student: So, that laminar flame speed is under root of lamina reactivity is under lamina flame
speed is under root of reactivity that is means lamina flame speed go linearly with pressure.

So, it will increase.

Student: Yes.

Well, that no that analysis will show if you assume a the reactions to be effectively by

molecular that the.



Student: Correct.

Flame speed is incisive to pressure ok.

Student: I think we have we have not so (Refer Time: 31:28).

So, that is one thing.

Student: But.

Even then.

Student: It will be increasing.

Even then is the approximation reasonable.

Student: Yes.

So, if you what number for reaction time would you get is the followed the same procedure
that I described in the morning, I suggest that you please think about that see we have got one
estimate for times which is 2.5 milliseconds, the other estimate that we need to get is a
timescale for the reactions to go to completion which as he rightly pointed out can be obtained

from an approximate value for the flame speeds ok.

Student: Flame speed.

Please plug in some numbers and see if this approximation that we that you regularly use to
calculate equilibrium composition, and use it for various things you know expansion through

the nozzle and various heat transfer calculations and so on. Is it a reasonably good



approximation or not, it is something I would like you to go back and check and we can

discuss it next class or tomorrow ok. That is one good example that we have looked at.

Student: Sir, we have one (Refer Time: 32:35)

Just before that I just want to make sure, but you are looking for anything something else

when you post this question?

Student: Right.

Is that it ok.

Student: The reason being we have been updated one of the (Refer Time: 32:48).

Student: 58 bar (Refer Time: 32:51) so 64 bar.

Ok.

Student: Just for increasing the thrust and I have reached.

Student: Just remain the same, but thrust can be increased.

Student: So, in that context when we are running this CEA in one of the processing that we
are going discussing for the quite longer the temperature also and quite got increasing nearly

you know (Refer Time: 33:13).

As I mentioned that the benefit that you will get because of you know lesser decomposition at

higher pressures will saturate beyond a certain value of pressure.



Student: but the dissociation reaction that we have not actually we have not considered them,
but after some maturity of understanding both the dissociation reactions we nearly added to

the right number may be from, 480 Kelvin.

I also would not expect that the benefit because of increase in pressure in terms of temperature

would be.

Student: (Refer Time: 33:46).

Significant because you are going from already a pressure that is

Student: Yes.

Significant I mean that is sufficiently high, it was slightly higher pressure.

Student: Everything is for this increasing chamber pressure, the same mixture ratio, obviously

mixture ratio only control the complete process.

Yes.

Student: While since it is not shifting much you got at the same number onwards.

Yeah.

Some learning that you had ok. I just stop before we move on I just wanted to since the topic

of ¢ star came up. I quickly sort of went through that in the morning I just want to ok.
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So, the point when the presentation loads the point that I want to make is that a for hydrogen
oxygen system, the flame temperature will like for any other system will peak around

stoichiometry.
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What combustion fundamentals will real systems
need?
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Equilibrium

But the c star value which is a parameter that is a measure of performance in an actual rocket

will peak at which conditions ok.
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Relative fluctuation an ntinuum
assumption

relative fluctuation = 2~ == [ &L
For average properties to be meaningful, the WAy
average number of molecules in a chosen
volume should be large enough for the p=1atm and 1000 K

fluctuations created by the random molecular
motion to be negligible.

d (um) |relative fluctuation (%)
This is quantified using the so called "relative ® 51
fluctuation” - this is the ratio of the standard 0.1 1.6
deviation of the number of molecules in a given 1 0.051
volume to the average number of malecules in 10 0.0016
that volume. 100 5.1e-5 (5Lppn)
1000 1.6e-6 (1.6ppn)

For ideal gases, the relative fluctuation is
inversely proportional to the square root of the
average number of molecules.

Because the c star is also dependent or c star is proportional to be sound speed ok.
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t = mass per volume of the flame (kg/m°) FY &( 5)2
" speedof chemical reaction (kg/m*-s) @’ i Pu 2

= we will see later how this comes about. Plugging
this into the expression for &, we get,

6 = ‘Sa‘; S, is the flame speed, a measure of the reactivity of a fuel-
u

oxidizer mixture, which is simpler to measure compared to w
Fuel - oxidzer |S, (m/s) |6 (um)
Hydrogen - Air 3 33

Hydrogen - Oxygen 20 5
Methane - Alr 0.4 250

Methane - Oxygen 4 25

So, smaller the molecular weight, larger is the sound speed.
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+ The thickness over which the temperature change is significant is much larger than
what is required for the continuum assumption to be valid. Therefore, in a volume
about the thickness of the flame, we can ask questions of the following sort -

(1) What is the temperature of the flame?
(2) What is the chemical composition of the products of combustion?

* These are the meaningful questions for which Thermodynamics can provide
answers.

* Its clear that the length scales are such that the laws of thermodynamics can be
applied.

+ But what about time scales? Convince yourselves that the time scales involved
also satisfy the conditions to apply the laws of thermodynamics.
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Quick overview of laws of thermodynamics
First law : 8q - 6w =dU => g = dU + pdV = dH - vdP

Second law : dSaystem *+ GSsuroundings 2 0

. T_'&!_: dV+pdv) l#%l : substituting this in the
; A

S, rroundings ihg Toaili

expression for second law,

dU + pdV & it
Bapien - E222 3 0 => U + POV - T s > 0 - minimum

Helmholtz free energy
(or)

dH- uip i
USsem = 7~ 2 0 =2 dH - V0P - Tayreunings GSspten 2 O > minimum

Gibbs free energy

And c star values will be much higher when you have a large amounts of hydrogen because the

molecule weights are significantly lesser than oxygen.
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So,. So, the as you can see from this the flame temperature peaks at a mixture ratio for around
8 which is the stoichiometric a mixture ratio for oxygen hydrogen system. But this c¢ star
which is a dotted line reaches a maximum at a mixture ratio between I would say it is 4 and 5
ok. And in that is a kind of number that is also used in actual systems where the c star is

maximum not necessarily where temperature is maximum.

Student: In this ¢ star something that pc 80 by m dot.

PC 80 m dot and it is also proportional to square root of.

Student: (Refer Time: 35:56).



Square root of the temperature divided by the molecular weight, divided by the square root of
the molecular weight. So, it will peak. So, as you can see T f is maximum at 8, but molecule
weight is significantly lower between 4 and 5 compared to stoichiometric values, and
therefore, square root of T f by square root of M will reach a maximum at which conditions
when there is lot more hydrogen ok. Of course, you cannot go further in to the left of it, but at

some point between 4 and 6, it reaches the maximum ok.



